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Worldwide, the anoxic, organic-rich sediments col-
lectively referred to as �black shales� are know to be
an important sink for oceanic uranium. There have been
estimates that suggest that as much as 20% of the
annual fluvial input of U into the world�s oceans may be
bound in such organic-rich strata [1]. Adsorption of U
onto organic matter has been suggested as an essen-
tial preconcentration step in the formation of many sedi-
mentary ore deposits.  However, the bio-geochemical
processes by which U is incorporated into these sedi-
ments are still not clearly understood.  The redox con-
ditions and kinetics at the sediment-water interface, the
amount of organic material present, fluid-mineral and
mineral-mineral reactions are all known to play impor-
tant roles in how U is incorporated [1,2,3].

Here we present microbeam synchrotron x-ray fluo-
rescence, diffraction, and XANES analyses from
beamline X26A at the NSLS on a single thin-section of
a Jurassic fish coprolite from a black-shale horizon in
central Connecticut (ca. 198 million years old). Copro-
lites are fossilized fecal material and, as such, clearly
contained organic material at one time. These coproli-
tes, now preserved as phosphatic material, are unusual
in that they have very high levels of uranium, often in
excess of 600 ppm. This provides an opportunity to
evaluate the mineral and organic interactions that have
resulted in the partitioning of U into these coprolites.
This study also demonstrates the unique microbeam
capabilities of the X26A beamline for near simultaneous
evaluation of major and trace element compositions
using synchrotron x-ray fluorescence (XRF), elemen-
tal speciation using fluorescence mode x-ray absorp-
tion near-edge spectroscopy (XANES), and mineral-
ogy using micro x-ray diffraction (XRD) of geologic and
environmental samples at spatial resolutions of ~10µm.

Geology and Mineralogy:
The Shuttle Meadow Formation was deposited as

rift-basin sediments and is the lowermost Jurassic sedi-
mentary unit of the Hartford Basin in southern Con-
necticut. Although siliciclastic alluvial sediments domi-
nate the formation, it�s lowermost section contains a
single black shale horizon that is believed to represent
the deposition of sediment in an offshore lake environ-

ment. This black shale contains abundant, fully articu-
lated fish fossils (genus Semionotus, Redfieldius,
Diplurus) and their associated coprolites. Now pre-
served as phosphatic minerals, the original organic
material in these coprolites provided a nucleation site
for HPO4

-, resulting in the precipitation of phosphate.
During early diagenesis, phosphatization begins before
the complete decay of organic material and additional
HPO4

- may be introduced by the decay of fish debris
(fish teeth and bones composed of hydroxyapatite)
contained within the coprolite.

Figure 1 shows two photomicrographs of thin-sec-
tions that were made through the coprolite that we dis-
cuss in this study. In this discussion, we will focus on
this one particular sample because of its well-preserved
optical zoning. Figure 1a shows the coprolite section
that was analyzed at X26A. The coprolite is the dark
black, layered material in the image and is surrounded
by matrix minerals of the host shale (the fine, gray lay-
ers on the margin). The labeled points on the image
show where the discussed analyses were taken (see
figure caption). Figure 1b is a photomicrograph of a
second section through this same coprolite. This sec-
tion was heated at 450°C for 4 days. As a result of this
heating the coprolite has turned from opaque black to
light brown, accentuating many of the internal struc-
tural details that were not visible before. The change in
color and opacity are likely the result of pyrolization of
organic matter in the section, indirectly showing that
these coprolites still contain organics. The layering in
the coprolite most likely reflects variability in either com-
position (mineralogic or organic) or grain size, or both.

Analyses were conducted on 300 µm thick polished
sections of coprolite mounted on glass with epoxy. The
incident beam was tuned to the U LIII binding energy
using our Si(111) channel-cut monochromator. This 350
µm collimated monochromatic beam is then focused
to 10 µm in diameter using our system of Rh coated
Kirckpatrick-Baez mirrors [4]. XRF compositional data
and fluorescence mode XANES were collected using
a Canberra SL30165 Si(Li) detector. Elemental abun-
dances were calculated using a modified version of
NRLXRF [5], designed for �standard-less� analysis of
XRF spectra obtained with monochromatic radiation. 
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This standard-less approach uses an internal reference
element, in this case the Ca concentration in the hy-
droxyapatite that composes the coprolite (fixed by sto-
ichiometry), and computes relative sensitivities using
the prediction capabilities of NRLXRF. U XANES data
were collected in fluorescence mode by scanning the
monochromator through the U LIII binding energy.
XANES energy calibrations are based on analysis of
UO2 and UO3 standards and are plotted relative to the
U LIII absorption edge of 17,166 eV, normalized to pho-
ton flux monitored by an upstream ion chamber. Every
third XANES spectrum collected was a re-analysis of
the UO2 standard to monitor for energy drifts due pri-
marily to monochromator heating with time. Any such
drifts were then corrected. Microbeam XRD data were

Figure 1: a) Photomicrograph of the Jurassic fish coprolite
(fossilized fecal material) analyzed in this study. The sample
numbers �002, 010, 012, 028, 031, 033, 036, and 037� are
synchrotron microbeam XRD analyses discussed in the text.
Sample numbers �X18, and X27� are XANES analyses dis-
cussed in the text. The spot labeled �XRF� is the XRF spec-
tra shown as an inset in Figure 4. b) Photomicrograph of a
separate section of this coprolite that was heated at 450°C
for four days.

collected using a Brucker SMART CCD system in re-
flection mode geometry. The wavelength of the inci-
dent beam during the diffraction analyses was kept at
0.7976 Å. Because of the small spot size of the inci-
dent beam relative to the grain size of the minerals in
the section, the intensity of diffraction peaks can be
strongly affected by grain size and the preferred orien-
tation of minerals in thin section. The more coarsely
crystalline the material is, the greater the divergence
from a typical powder pattern.

Microbeam XRD Results:
Quantitative identification of mineralogy in shales

is often difficult because of the cryptocrystalline char-
acter of the minerals. Accurate determinations by opti-
cal petrography are often impossible and compositional
analysis by electron beam microanalysis usually only
indirectly identifies the mineral. Synchrotron microbeam
XRD provides a unique method by which to quantita-
tively identify such minerals in-situ and provides con-
clusive results when coupled with simultaneous XRF
measurements. Figure 2 shows a series of XRD pat-
terns collected on the coprolite section shown in Fig-
ure 1a. The inset images show representative CCD
diffraction patterns from each group of analyses. The
figure on the left, labeled �Matrix,� shows four diffrac-
tion patterns collected on matrix phases at spots 002
and 010, well within the surrounding matrix, and 012
and 028, in the matrix but adjacent to the coprolite
boundary. Note that although the patterns are �spotty,�
they are still good powder patterns, consistent with an
average grain size much smaller than the diameter of
the incident beam (~10 µm). Also shown are diffraction
patterns for quartz (red) and dolomite (blue). The XRD
data are consistent with the mineralogy of the matrix
being dominated by these two phases. This is a bit
unusual for black-shales, which typically have higher
clay contents and less carbonate. The plot on the right,
labeled �Coprolite,� shows four XRD patterns collected
within the coprolite itself. Analyses 031 and 036 are
within the darker bands and analyses 033 and 037 are
in the lighter colored bands. The majority of the diffrac-
tion peaks can be accounted for by the minerals hy-
droxyapatite (orange) and dolomite (blue). Note that
there is little difference between the diffraction patterns
from dark and light colored bands, suggesting little dif-
ference in bulk mineralogy between these zones. No
distinct U bearing minerals such as uraninites are iden-
tifiable. It is important to note, however, that in our
present mode of operation differences in organic con-
tent would not be detected.

Microbeam XRF Results:
Figure 3 shows a set of four XRF compositional

maps of the coprolite shown in Figure 1a. A typical XRF
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Figure 2: Intensity vs. 2-theta microbeam x-ray diffraction patterns for selected points in the matrix (left) and coprolite (right)
shown in Figure 1a. Also superimposed are diffraction patterns for dolomite (blue), quartz (red), and hydroxyapatite (orange).
The inset figures show representative Brucker CCD diffractometer patterns for each group of analyses, 002 for the matrix
and 031 for the coprolite.

Figure 3: Synchrotron microbeam XRF compositional maps of the coprolite shown in Figure 1a. Ca is shown in normalized
counts for the Ca Kα fluorescence peak, Sr, Y, and U are in ppm.
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energy dispersive spectrum is shown as an inset in Fig-
ure 4. The map for Ca is shown in normalized counts
on the Ca Ka peak while the other three maps are in
ppm. The Ca map shows that although the Ca fluores-
cence in the coprolite is generally uniform, there are
some variations that correlate with the optical varia-
tions seen in thin section. The XRD results suggest
this is not a result of mineralogic variability between
bands. It is possible, however, that such variations could
be accounted for by variability (type or abundance) in
the organic matter between bands. Sr2+ and Y3+ both
commonly substitute for Ca in the apatite structure,
since they have similar ionic radii and charge, although
Y incorporation usually requires coupled substitution
of ionic complexes, such as SiO4 for PO4, to maintain
charge balance. In the compositional mapping, there
is a clear correlation of Sr and Y abundance with Ca
and with the optical zoning in the coprolite. The U XRF
compositional map shows that U abundance through-
out the coprolite is high (~600 ppm average) relative to

the matrix and that the U displays compositional zon-
ing that correlates with the optical zoning in the hy-
droxyapatite. U is also known to be a common trace
element in apatite and is often used for U238 fission track
dating of geologic materials. How U is incorporated into
the apatite structure is still debated (and dependant on
it�s oxidation state), but in most models U (most likely
as 4+, ionic radius of 0.97 Å) substitutes for Ca 2+ (ionic
radius of 0.99 Å) in its 7- and 9-fold coordinated sites,
with some coupled substitution to account for charge
balance. Thus, it should mimic the behavior of Y. What
the XRF analyses demonstrate, however, is that the U
abundance in this coprolite (~400-1000 ppm) is in-
versely correlated with Ca, Sr, and Y.

XANES Results:
Figure 4 shows two representative XANES spec-

tra collected from the coprolite. Although there is some
variability in edge position, particularly for analyses
within 100 µm of the coprolite edge, the XANES spec-

Figure 4: U LIII XANES spectra for the UO2 and UO3 standards and two selected points in the
coprolite (X18, and X27 in Figure 1a). Spectra are normalized to their respective edge steps.
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tra throughout most of the coprolite is very similar to
the two spectra shown here. Analysis X18 is midway to
the center of the coprolite in a high U band and analy-
sis X27 is from the U rich center of the coprolite. These
analyses are superimposed with XANES spectra of our
UO2 and UO3 standards. Although structure and matrix
effects may have the potential to produce an edge shift,
it is clear that relative to the UO2 standard, the relative
XANES edge energies of these analyses are shifted
towards higher energy. Additionally, these spectra have
a small post-edge multiple resonance peak similar to
the �shoulder� typically observed in U(VI) XANES spec-
tra [2]. It is thus likely that much of the U in this particu-
lar sample is oxidized and dominated by U(VI).

Although it is no surprise that a black-shale such
as that preserved in the Shuttle Meadow formation or
the phosphates contained within it are high in U, the
microbeam analyses at X26A provide interesting in-
sights into the geochemistry of U incorporation in such
sediments. It is clear from the XRF energy dispersive
analyses that the coprolites themselves are the domi-
nant U bearing material in these sections. The micro-
beam XRD data show that the primary mineralogic dif-
ference between matrix and coprolite is the presence
of hydroxyapatite. It would seem logical to conclude
that early phosphotization of the coprolite provided a
site for U incorporation into the apatite structure. How-
ever, the XRF compositional mapping shows an inverse
correlation between U (which should substitute for Ca)
and other trace element constituents such as Sr and Y
that are known to substitute for Ca in apatite. It is likely
that the high U abundances may reflect complexation
of U with the organic matter in the coprolite close to the
time of diagenesis of the sediment under anoxic condi-
tions. Bacterial sulphate reduction can then release
dissolved HCO3

-, HPO4
-, and NH4

+ and provide a nucle-
ation site for HPO4

-, resulting in the precipitation of phos-
phate. In such a scenario the U abundance is controlled
primarily by the abundance of organic C, rather than
the abundance of phosphate. What is then difficult to
explain is why the XANES analyses suggest the pres-
ence of oxidized U in these samples. Black-shales are
known to form beneath oxygen depleted bottom wa-
ters and to be rich in organic C, which could be as-
sumed to favor chemical and/or biological reduction of
U during sedimentation. In this case, later oxidation of
the U is needed to explain the speciation we observe
in these coprolites today. Such reactions could be re-
lated to later lithification of the sediment. However, some
studies have shown that in some sediments deposited
under reducing conditions often the first U solids to pre-
cipitate are predominantly U(VI) [2]. Duff et al. were
able to demonstrate that even under low Eh conditions
reaction kinetics often still favor the precipitation of U(VI)
solids. Although at this time these questions cannot be

quantitatively evaluated, future EXAFS and FTIR analy-
ses may provide better insights into how U is bound in
these unique samples. But the observation that much
of the uranium may potentially be bound to organic
matter is consistent with other recent studies of black-
shales that have found that despite the presence of
potential U-rich diagenetic phases such as apatite and
monazite, most of the U is associated with non-extract-
able diagenetic components such as organics [6].
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One of the hallmarks of mineral surface reactivity
is its heterogeneous nature. Not only do different min-
erals behave in strikingly different fashions, but also
within the confines of a single mineral�s surface, reac-
tivity can vary significantly. A fundamental insight gained
from mineral surface studies is that a bulk atomic site
within a crystal may have multiple, distinctly different
surface representations, the presence of which leads
to heterogeneous reactivity at the mineral-water or min-
eral-melt interface (Reeder and Rakovan 1999). One
of the most significant geochemical processes that take
place at these interfaces is crystal growth.

During crystal growth, minor or trace amounts of
substituent elements may become incorporated in regu-
lar atomic sites within the crystal.  Because trace ele-
ments are sensitive indicators of geologic processes,
trace element geochemistry has formed the basis for
many studies. Applications include the interpretation of
petrogenesis, hydrothermal mineralization, water quality
and history, and geochronology. Essential to such stud-
ies is knowledge of the partitioning of specific trace el-
ements between different phases in a system. Many
complex variables affect the partitioning of trace ele-
ments into minerals during crystal growth.  Recently,
numerous authors have demonstrated the role of sur-
face structure on the partitioning of elements into crys-
tals (Paquette and Reeder, 1995, 1995; Northrup and
Reeder 1994; Rakovan and Reeder 1994, 1996;
Rakovan et al. 1997; Bosze and Rakovan, 1999; Bosze
and Rakovan in prep.). We are continuing our studies
of the role of crystal surface structure in heterogeneous
reactivity of minerals, specifically addressing differen-
tial adsorption and incorporation of trace metals into
the mineral fluorite. Here the differential incorporation
of REEs, Y and Sr into fluorite is being used as a probe
of the structural differences between nonequivalent sur-
face sites.

Fluorite crystals from several important hydrother-
mal mineral deposits, including the Hansonburg Min-
ing District, Bingham, NM (Taggart et al. 1989) and the
Long Lake fluorite deposit, St. Laurence fluorite dis-
trict, NY (Richards and Robinson 2000), are being stud-
ied. Crystals from these deposits exhibit multiple, sym-
metrically nonequivalent crystal forms (Figure 1a). The
concentration and distribution of the trace elements
within oriented sections of single crystals are measured
by spatially resolved synchrotron X-ray fluorescence
microanalysis line and area scans.

Standard X-ray fluorescence experiments at X26A
have involved the use of energy dispersive (EDS) de-
tectors. Because of the small separation amongst the
numerous L fluorescence lines of the REE series, wave-
length-dispersive detection is necessary to resolve and
quantify individual REE distributions. The increased
energy resolution of WDS, 3 eV to 25 eV (FWHM) for
most elements, allows for detection of individual REEs.
A Microspec WDX-3PC wavelength-dispersive spec-
trometer is used with a LiF (200) crystal to analyze the
REE Lα1 and Lβ1 lines. Data are collected using a white
synchrotron beam collimated to an incident size be-
tween 8 and 100 µm, depending on the spatial resolu-
tion necessary to resolve individual sectors (volumes
of the crystal that grew by incorporation of growth units
or adatoms onto a specific crystal face). Comparison
of the peak to background ratios shows that the effec-
tive sensitivity, or the minimum detection limit, of the
WDS spectrometer is comparable to that of the EDS
for the REEs. Figure 2 compares SXRFMA data col-
lected on the same sample using EDS and WDS. Esti-
mated relative precisions for the elements considered
here are approximately 1%.

SXRFMA line and area scans show that Sr, Y, and
REE compositional differences exist for coeval portions
of symmetrically nonequivalent sectors in the fluorites
studied (Figures 1 a and b and 3). Such intracrystalline
heterogeneities are known as sectoral zoning (SZ). The
relationship of sectors to crystal faces suggests that
these heterogeneities formed during crystal growth. Two
distinct mechanisms for SZ have been identified; dif-
ferences in the growth rate of nonequivalent crystal
faces, and the presence of distinctly different sites of
incorporation (on the nonequivalent crystal faces). The
internal morphology (concentric zoning and sector
shape) of these samples revealed by
cathodoluminescence indicates roughly equivalent
growth rates of many of the crystal faces associated
with the sector zoning. Hence, growth rate anisotropy
is not the cause of SZ in these samples.

It is hypothesized that differences in the surface
structure of these different crystal faces on fluorite, spe-
cifically the structure of sites of incorporation on differ-
ent faces, lead to different affinities for the trace ele-
ments studies, and hence differential incorporation.

Long Lake fluorites exhibit {100} and {111} crystal
faces. Figure 1b,c  shows the differential distribution of
Gd between |111| and |100| sectors associated with
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Figure 2. Synchrotron X-ray fluorescence microanalysis (SXRFMA) data collected by EDS (dotted line) and WDS (solid line)
from an apatite from Llallagua, Bolivia. Figure modified from Rakovan et al. (2001).

Figure 1. Zoning of Gd between |111| and |100| sectors of fluorite from Long Lake, NY. a) Schematic showing ideal 3D
distribution of cube |100| and octahedral |111| sectors (internal morphology) within a cubooctahedral crystal. b) Schematic of
thin section taken from crystal in figure 1a. Double arrow indicates the position of an X-ray fluorescence line scan taken
between two symmetrically nonequivalent sectors. c) Plot of the concentration of Gd (ppm) along the line scan indicated in b.
Figure modified from Bosze and Rakovan (in Rev).
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Figure 3. Sectoral zoning of Sr and Y in fluorite from Bingham, NM. The image on the left is an optical photomicrograph of a
section cut through a single crystal of fluorite. Color zoning shows the internal morphology is comprised of |111|, |110| and
|100| sectors. The top-right figure is a plot of the concentration of Sr (brighter colors represent higher concentration) for an
area scan indicated by the yellow dashed line in the photomicrograph. The bottom-right figure is a plot of the concentration
of Y (brighter colors represent higher concentration) for the same scan. Figure modified from Bosze and Rakovan (in Rev).

these faces. Fluorites from Bingham, NM are unique in
that they exhibit six symmetrically different sectors, with
as many as four in any one single crystal. Sectoral zon-
ing of Sr, Y and REEs is found amongst all of the ex-
hibited sectors. Figure 3 shows sectoral zoning of Sr
and Y among |111|, |110| and |100| sectors of a Bingham
fluorite. Sr is enriched in the |110| sector relative to |111|
and |100|, while Y is preferentially incorporated into the
|111| sector.

The presence of sectoral zoning in fluorite demon-
strates non-equilibrium incorporation and indicates that

factors such as growth mechanism and surface struc-
ture are important in partitioning.  Sectoral zoning not
only demonstrates that mechanistic factors play a role
in partitioning, but also that partition coefficient, Kd

, val-
ues for a given mineral-fluid system are not unique.
Rather, the Kd may differ for structurally distinct regions
of a crystal surface.

The observed partitioning differences between
nonequivalent sectors are being used to constrain mod-
els of the atomic structure of the fluorite surface. Thus
giving us a better understanding of the nature of the
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mineral-water interface and the mechanisms of differ-
ential incorporation during crystal growth.
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